Abstract. The modelling of habitat suitability for parasites is a growing area of research due to its association with climate change and ensuing shifts in the distribution of infectious diseases. Such models depend on remote sensing data and require accurate, high-resolution temperature measurements. The temperature is critical for accurate estimation of development rates and potential habitat ranges for a given parasite. The MODIS sensors aboard the Aqua and Terra satellites provide high-resolution temperature data for remote sensing applications. This paper describes comparative analysis of MODISderived temperatures relative to ground records of surface temperature in the western Palaearctic. The results show that MODIS overestimated maximum temperature values and underestimated minimum temperatures by up to 5-6 ºC. The combined use of both Aqua and Terra datasets provided the most accurate temperature estimates around latitude 35-44º N, with an overestimation during spring-summer months and an underestimation in autumn-winter. Errors in temperature estimation were associated with specific ecological regions within the target area as well as technical limitations in the temporal and orbital coverage of the satellites (e.g. sensor limitations and satellite transit times). We estimated error propagation of temperature uncertainties in parasite habitat suitability models by comparing outcomes of published models. Error estimates reached 36% of annual respective measurements depending on the model used. Our analysis demonstrates the importance of adequate image processing and points out the limitations of MODIS temperature data as inputs into predictive models concerning parasite lifecycles.
Introduction
Several events occurred during the final decades of the 20 th Century and the beginning of the 21 st Century that indicate global increases in the scope and magnitude of tick-borne infections (Munderloh and Kurtti, 2010) . The recognised number of distinct and epidemiologically significant pathogens transmitted by ticks has increased considerably during the last 30 years (Patz et al., 2005) . The increase relates to a complex array of factors, including landscape, climate, wildlife hosts and tick distribution, all of which may coalesce to create regional pockets of intensified risk (Rogers and Randolph, 2006) . The influence of climate trends exerted on the life cycle of ticks and other parasitic arthropods is an area of increasingly detailed and urgent inquiry. Models are being developed to account for the full range of climate change scenarios and their impact on tick populations (Ogden et al., 2005) .
Predictive habitat distribution modelling is a powerful tool used in both applied and theoretical ecology (Guisan and Zimmermann, 2000; Austin, 2002; Guisan and Thuiller, 2005) . These models are used to assess the potential consequences of climate change on the distribution of parasites and vectors of known impact as they relate to animal and human health (Rogers et al., 2002; Ostfeld et al., 2005; Estrada-Peña and Venzal, 2007) . Integrating climate data with known physiological tolerances of a given species allows models to address direct and indirect consequences of climate change scenarios on species and ecological systems.
Microclimatic factors impose significant seasonal constraints on tick population dynamics because most of the organism's life span occurs away from the host. Off-host activity includes either actively questing for hosts or transitioning between major life cycle stages. Both of these types of activity are temperature dependent (Randolph, 2004) . Process-driven models thus address life cycle development throughout stage classifications, each of which depend on temperature. Surface temperature provides the most robust estimates of climate effects on the life cycle of ticks and other arthropods (Ogden et al., 2006) . Temperature data are generally categorised as one of two types of measurement: near surface air temperature (Tair) or land surface temperature (LST) (Jin and Dickinson, 2010) . Tair values are measured 1.5 m above the surface at official weather stations with sensors adequately ventilated and shielded from radiation. LST is a radiometric, temperature measurement based on thermal infrared radiation emitted by the Earth's surface (Wan and Li, 2011) and is thus considered a surface temperature proxy. Satellite-derived LST measurements analyse the canopy temperature in vegetated areas (Mildrexler et al., 2011) . Models use these inputs to estimate development rates and climate impacts on the potential spread of ticks and pathogens they may transmit (Hancock et al., 2011) . These types of study explicitly assume that remote sensing temperature data provide accurate mean temperature estimates for a given daily, biweekly or monthly interval. Remotely sensed temperature data, however, are temperature proxies and do not always reflect the actual conditions for a given location and time interval.
Satellite-derived temperature estimates are also used as variables in modelling the realised climate niche of an arthropod at varying temporal and spatial resolutions (Hay et al., 1997 Rogers et al., 2002; Rogers and Randolph, 2006) . Realised climate niche is the unique set of environmental factors with which the arthropod is associated. These environmental factors are homogeneously distributed within the broader environmental niche as defining the distribution of a particular species. Realised climate niche information is increasingly used to predict the habitat of an arthropod and project its potential geographical and temporal ranges. The spatial nature of these models requires both LST and normalized difference vegetation index (NDVI) inputs derived either from principal component analysis (PCA) or Fourier analysis (Estrada-Peña, 1999; Rogers et al., 2002) .
MODIS datasets are well-suited for epidemiological applications due to (i) their enhanced spectral resolution relative to the Advanced Very High Resolution Radiometer (AVHRR), which includes 36 spectral channels with smaller wavelength ranges and significantly improved signal-to-noise ratios ; (ii) a repeat time of one to two days, which gives it a better temporal resolution at a significantly higher spatial resolution relative to AVHRR ; and (iii) greater accessibility to high quality, fully processed data covering large areas at recent time scales. However, satellite imagery imposes certain constraints on reconciling temperatures and accurately estimating model variables (Liang et al., 2006) and MODIS images and temperature data are accompanied by a set of flags documenting errors in data recording and processing. These flags include filters for snow and/or cloud cover. For models in which temperature plays a primary role, LST data may introduce uncertainty associated with the original measurement or processing error. These intrinsic errors can propagate through process-driven models as uncertainties in direct inputs, through Fourier transform image processing steps (Scharlemann et al., 2008) , or during PCA decomposition of uncorrelated factors, which is a method increasingly used in determining habitat for arthropod vectors. Ecological epidemiology and other applications naturally seek to minimize errors in the raw data and identify any operations that may propagate error unnecessarily.
This study systematically compared LST and Tair measurements from a global network of weather stations in the western Palaearctic. It specifically seeks to evaluate the differences between long-term daily temperature data from ground recording stations and LST values as measured, processed and scientifically validated by the MODIS team. The study offers a comparative overview of long-term MODIS data series and specifies caveats pertaining to the use of satellitederived data in epidemiological studies concerning arthropods and arthropod-transmitted pathogens. The approach is unique in its focus on 8-day cycles including both day and night LST values making use of Tair data spanning the period from 2000-2010.
Material and methods
We focused on the western Palaearctic, a region located between 18º W, 42º E, 26º N and 66º N. According to geopolitical frameworks, this area includes every country west of the border between Russia and Europe, north of the Sahara desert, and east of the Atlantic Ocean. The area is densely populated and at particular risk for the spread of tick-borne pathogens (Estrada-Peña and Venzal, 2007) .
The MOD11C2 and MYD11C2 (version 5) datasets of the MODIS series were downloaded for a period spanning the years 2000 to 2010 (https://lpdaac.usgs.gov/products/modis_products_tab le). The datasets include LST measurements from both the Terra and Aqua satellites. Each satellite trace a unique orbital path over the study region, resulting in slightly divergent estimates of daily averaged temperature as they apply to ecological processes. The spatial resolution of the dataset is a nominal 0.05º and it has been developed to "Validated Stage 2", which means that its accuracy has been assessed over a wide-ranging set of locations for different time periods using several ground-truth and validation techniques. For each 8-day period, we used both day and night data from the Terra and Aqua sources. Images were cropped according to the study region's geographic area and temperature measurements were converted to degrees Celsius. Quality flags were addressed by removing pixels that were catalogued by MODIS as being obscured by clouds, water or null/non-valid measurements. For every 8-day interval of the 2000-2010 study period, LST values were integrated with a metric classifying their associated pixels. Parameters affecting the quality of pixels rendered the metric QC as 1 = perfect; 2 = optimal; and 3 = valid but moderately affected by water vapour.
The accuracy of the LST data was evaluated by comparing it with a series of temperature measurements collected by ground climate recording stations. The European Climate Assessment and Dataset (ECA&D) provided daily quality-controlled temperature data for the 2000-2010 study period (available at http:// eca.knmi.nl/). This dataset contained 26,141 observations from 4,824 meteorological stations throughout Europe and the Mediterranean. Daily station series were collected by the climatological divisions of national meteorological and hydrological services as well as observatories and research centres throughout Europe and the Mediterranean area. Fig. 1 shows the geographic range of the study region, as well as the locations of stations providing data for the study. We referenced and compared MODIS data with the corresponding ECA&D series. For every 8-day interval of the 2000-2010 study period, the validated average, maximum and minimum temperature values recorded by the ECA&D series (Tair) were cross-referenced to the validated MODIS values.
A preliminary analysis of the two arrays revealed compelling, first-order, spatial differences. Raw differences between the two arrays were then binned into discrete latitude and longitude units for each 8-day interval to determine whether differences arose from temporal and/or spatial variation. We mapped the study region onto a grid having hexagonal units of 1º radius and containing errors averaged over each 8-day interval for the entire 2000-2010 study period. Differences between the data arrays were further analysed according to categorical classifications of ecosystem type for each unit of the grid. Spatial data for ecosystem classification was obtained from http://www.worldwildlife.org/science/data/item1875 .html (accessed on September, 2010). The ecological data was cropped according to the geographic range of the study area and used to designate predominant N is the number of 8-day intervals for which data were available for 2000-2010; LSTD, land surface temperature day; LSTN, land surface temperature night; QCD, standard quality flag for pixels in MODIS datasets. The QCD=1 dataset includes only the maximum quality pixels designated by the MODIS team. The QCD>0 dataset includes all the pixels with adequate temperature observations, even if observations are obscured by snow, water or ice.
biomes present in a given region according to established climate and ecological criteria. Besides uncertainties in latitude and longitude, observed errors might arise from differences in the transit time and orbital path of satellites. We therefore cross-tabulated the orbital transit times for each satellite either during the day or the night at a given location, along with the error associated with each measurement and averaged over the entire 2000-2010 study period.
To evaluate uncertainties introduced by MODIS temperature estimates in simple average temperature models, we used a quadratic equation describing the development of the tick Ixodes ricinus from egg to larvae, as reported in Dobson et al. (2011) .
This well-tested equation, where T is the temperature, describes the life cycle of a tick native and common to the study region. It provides a straightforward method to evaluate error propagation and its potential spatial variability. Table 1 shows the mean difference between day and night temperatures from the Terra or Aqua satellites and that from ECA&D ground recording stations. The table includes mean, maximum and minimum temperature values derived from the satellite sensor and measured on the ground. Both the mean maxima of the Terra and Aqua day temperatures and the mean minima of the satellites' night temperatures give minimum errors. MODIS LST values are relatively well correlated with temperatures from ground recording stations as catalogued in the ECA&D data. Aqua data show better correlation with Tair for day temperatures, whereas Terra data show better correlation with Tair for night temperatures. Averaged errors recorded by Terra ranged from 3-5 ºC, while Aqua errors ranged from 5-6 ºC for day and night periods. MODIS tended to overestimate day temperatures and underes- Fig. 2 . Plot of the mean temperature error (ºC) between MODIS-Terra estimates (either day or night) versus mean observations from ECA&D ground recording stations, plotted according to latitude and longitude for each day of the study period (the grey scale is proportional to the number of ground stations providing observations. Negative values in each panel represent ground temperature overestimation by MODIS, whereas positive values represent underestimation). Panel A shows differences between average maximum temperatures (ECA&D) and MODIS Terra LST day versus latitude; Panel B shows differences between average minimum temperatures (ECA&D) and MODIS Terra LST night versus latitude; Panel C shows differences between average maximum temperatures (ECA&D) and MODIS Terra LST day versus longitude; Panel D shows differences between average minimum temperatures (ECA&D) and MODIS Terra LST night versus longitude. timate night temperatures. These errors were not strongly impacted by exclusion of data flagged for quality reasons within the MODIS dataset. The average error using only the clear pixels was around 0.2 ºC less than the error term for data that included obscured pixels. The error between ECA&D mean maximum Tair and MODIS Terra LST values, averaged for the complete 2000-2010 study period, was only 0.04 ºC excluding MODIS quality flags, but reached 0.93 ºC when the flagged pixels were included. Both Tair maximum daily temperature and LST were well correlated over the study period and across all localities, assuming balanced errors in the results. Fig. 2 shows the geographical distribution of errors in maximum temperature observations derived from Terra according to latitude and longitude and integrated over 8-day intervals for the entire 2000-2010 study period. This plot demonstrates that southern latitudes (approximately covering the Mediterranean region) experience the greatest overestimation of MODIS temperatures. This effect tends to diminish at northern latitudes. Errors were the highest at western and eastern longitudinal extremes of the study area. Thus, while the average of error between maximum Tair and MODIS LST was balanced in the complete dataset (as seen in Table 1 ), regional analysis showed that MODIS Terra tended to overestimate the temperature for regions of the Palaearctic at low latitudes and western longitudes by up to 5-10 ºC during he summer months. Fig. 2 also shows the error estimates between minimum Tair and MODIS-Terra according to time of year and latitude and longitude gradients. The temperature records derived from MODIS tended to overestimate minimum temperatures at every latitude and longitude with errors being larger during the summer across all geographic locations. study period. The Aqua data were better correlated with Tair than Terra, especially around latitudes of 40º N but with a small overestimation of the night temperatures. Comparison of values according to longitude showed no specific differences and a similar level of error. In order to understand the balance of errors among maximum and minimum temperature observations, we combined both Terra and Aqua day and night values into a single dataset and compared it to similarly formatted data from ground recording stations. Fig. 4 shows the associated errors plotted according to latitude and longitude. They ranged between +5 ºC (underestimation) and -10 ºC (overestimation). The largest errors appeared during the summer at low latitudes between latitudes 24º N and 44º N. In the autumn and winter months, MODIS measurements tended to slightly underestimate actual temperatures relative to ground-based recording stations. Fig. 5 . Europe map of errors between ECA&D and MODIS temperature measurements (data are shown at a polygonal resolution with hexagons of a 1º radius, which are coloured according to the average value of error terms as calculated from all stations within the cell. Areas without colour-code had no hexagons with validated ECA&D data, and thus could not provide temperature error estimates).
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Spatial relationships of temperature measurement errors
We mapped average errors onto the hexagonal grid of 1º radius units (Fig. 5) . Each cell displays errors averaged over the 2000-2010 study period. The map shows that areas of the Mediterranean basin exhibit the largest overestimation of temperature encountered, while central and northern Europe show large patches of temperature underestimation. Interpretation suggests that this pattern may relate to the predominant biome represented at the surface or the orbital transit time of the satellites, which may or may not coincide with the daily timing of maximum or minimum Tair. To investigate this potential inconsistency, we tabulated minimum and maximum temperatures from either day or night transits for both satellites. These data were compared with estimates for the correlation between temperature error and the primary vegetal ecosystems in a given area as well as estimates between temperature error and orbital transit time. Table 2 lists the errors correlated with major ecosystems of different regions and shows that the largest errors were associated with ecosystems that experience thermal extremes. The largest temperature overestimations correlated with Mediterranean type biomes and esclerophilous plant formations, i.e. poorly developed vegetation, typical of arid environments. It corresponds to the final stages before the desert conditions. The most pronounced underestimations occurred in the vegetal biomes of central and northern Europe such as the Scandinavian and Atlantic mixed or humid forests. Tables 3, 4 , 5 and 6 show the average errors calculated relative to the orbital transit time for each satellite along both the ascending and the descending orbital paths. The largest temperature errors were found to be associated with the nocturnal transits. The errors associated with day transits were generally smaller for both satellites. Orbital transits approaching the hour of sunrise, expected to exhibit minimum daily LST and errors for this time-frame, were small relative to that of other periods.
Evaluation of error propagation in parasite development models
To estimate how temperature errors may affect analytical models, we entered both ECA&D and MODIS temperature data into a simple quadratic equation describing development of the tick I. ricinus. The average error for the entire dataset was initially relatively low, well below 2% for any given 10-day period. On a regional scale, however, estimated development rates were strongly affected by error in temperature terms. Table 6 . Tabulation of Aqua satellite transit during night-time and the error resulting from comparing temperatures registered to the minimum temperatures observed by ECA&D ground recording stations (the MODIS derived data included only highquality pixels). mation per 10-day interval in development rates at northern latitudes in autumn and winter. This underestimation should be obvious at latitudes of up to 44º N for most periods of the year reaching latitudes of 55º N for the entire annual dataset. With respect to longitude, MODIS records overestimated development at every longitude with maximum overestimates during the summer in the West, and during late spring in the East. Underestimation of development rates never exceeded values of 1% per 10-day interval for some regions of the longitudinal gradient studied.
Discussion
This paper analysed a point-scale, data assimilation scheme based on recording station temperature data and satellite-derived temperature estimates. It primarily aimed to quantify errors in MODIS estimates of LST. Error propagation in parasite development models that seek to estimate tick life cycles was also addressed. A better understanding of these effects can minimize error and error propagation using image quality filters and other operations. Vector-borne diseases are highly sensitive to changes in climate due to the effects of environmental conditions on a given vector or pathogen's development rate (Guis et al., 2012) .
Health risks associated with climate change call for mapping of potential climate impacts on the distribution and population dynamics of health-threatening arthropods (Patz et al., 2005; Estrada-Peña et al., 2012) . Such efforts commonly use interpolated climate data from sources such as the increasingly popular Worldclim (Hijmans et al., 2005) . The availability of remote sensing data has enhanced its use in modelling of insect-related health risks. Many authors have thoroughly reviewed MODIS imagery and pointed out its usefulness for ecological studies in vector mapping (Brooker et al., 2001; Rogers et al., 2002; Hay et al., 2006) . Tatem et al. (2006) previous studies demonstrated the importance of processing the raw data files with filters provided by the MODIS team to remove noise coming from water contamination (Scharlemann et al., 2008) , which biases LST estimates. However, apart from adequate filtering, studies using MODIS data should also develop an a priori understanding of the potential divergence between LST and Tair values considering how it may affect the model of interest.
Ground temperature is a key variable in estimating tick development (Randolph, 2004) , especially cohorts of ticks recruited into questing upon completion of the preceding molting period, which is due to temperature effects that regulate this and other activities . Prediction of the relative roles of these factors plays a critical role in life cycle modelling as does anticipating the spread of the ticks (Danielova et al., 2006; Jaenson and Lindgren, 2011) and monitoring the pathogens they transmit (Jaenson et al., 2012) . Divergent temperature estimates between ground recording stations (or laboratory studies on development) and remote sensing instruments can introduce systematic errors that obscure otherwise regionally coherent findings regarding this issue.
We observed a strong positive correlation between LST measured during nocturnal transit and minimum Tair. Maximum LST increases faster than maximum Tair with rising ambient temperatures and thus captures additional information on the concentration of thermal energy within a given area of the Earth's surface. Maximum Tair therefore exhibits lesser correlation with MODIS-derived LST. Mildrexler et al. (2011) originally noted the overestimation of LST in MODIS data. The current report describes specific regional and temporal aspects of the temperature uncertainty. Comparisons across a large area for an extended time period can minimise the error, i.e. geographical and temporal overestimation is balanced by underestimation. The greatest degree of overestimation occurs in the vicinity of the Mediterranean basin, where daytime overestimates exceed those collected during the night. Bonan (2008) proposed a mechanism explaining LST deviations as due to the ground vegetal cover. At high temperatures, and in non-forested cover types such as those typical of Mediterranean-type ecosystems, LST captures irradiative and thermodynamic features of Earth's surface more faithfully than Tair. Desert areas, shrub-lands, grasslands, savannas, and croplands have a maximum LST that is 5-10 °C hotter than the corresponding maximum Tair. Wan et al. (2004) originally recognised this bias in data from semi-arid and arid regions. In addition to the ecosystem effects on LST estimates, we identified pronounced other effects related to the time of satellite orbital transit. Transit times for both Terra and Aqua satellites over a given area do not always correspond with the time of maximum or minimum temperature on a given day.
The MODIS LST bias is not technically an error in raw data but rather a limitation of interpretation. This inconsistency in LST temperatures is therefore difficult to reconcile with post-hoc methods. Correcting MODIS data requires a dense network of ground recording stations to obtain accurate temperature estimates. This sort of operation (Hengl et al., 2011) can be implemented but only for studies of parasite habitats and life cycles over a relatively small area (Neteler, 2010; Neteler et al., 2011) . The bias introduced by these uncertainties can affect interpretations of life cycle and development models of ticks and other arthropods. We analysed the propagation of temperature uncertainties in tick development models to quantify the bias. Temperature uncertainties range from 2-4% during the summer at southern latitudes. A 2-4% overestimation in tick development introduced during successive 10-day intervals could lead to as much as 12% overestimation on the monthly scale. Ticks have four temperature-dependent development periods, i.e. oviposition, egg maturation, larva-nymph molting and nymph-adult molting (Randolph, 1998) . These stages do not account for the periods of questing, which are not only modulated by temperature but also by humidity (Randolph, 1998) . We did not reiterate the analysis for each developmental period, since the error has the same magnitude regardless of the equation. However, the propagation of the temperature error introduced into models by MODIS data may seriously obscure estimates of development, climate-influenced plant and animal life cycle events (phenology) or process-driven predictive mapping of the parasite.
Using flags issued by the MODIS scientific team to filter the dataset and remove non-valid pixels can serve to balance the overall error in LST measurements. These operations specifically balance outliers in the error distribution but regional-scale errors persist in the data. Although the absolute temperature error is higher in areas of the Mediterranean basin, underestimation of LST is potentially more problematic at northern latitudes, which are at risk for the spread of I. ricinus and their associated pathogens (Jaenson and Lindgren, 2011; Jaenson et al., 2012) . The distribution of this organism is currently limited by low temperatures that characterise the higher latitudes (Jaenson and Lindgren, 2011) or high-altitude localities (Danielova et al., 2006) since low temperatures prevent tick maturation. Life cycle models for these latitudes can underestimate tick development rates by an average of 1% for every 10-day period throughout the year. The most biased estimations could theoretically result in 36%, uncertainties for the entire year. Satellite-derived temperature data could also indicate a northern limit of viable tick development that would not coincide with its actual range according to ground-based temperature measurements.
Our results indicate that MODIS LST data can provide potentially biased Tair estimates when entered into process-driven models of parasite development rates. Satellite measurements are typically used as a direct estimator of mean temperature within a given time-frame, without data filtering or other steps to correct for bias. Our results suggest that Terra (daytime) and Aqua (in the night) in combination provide adequate estimates of maximum or minimum temperatures for a given time period, but they do not provide reliable mean temperature estimates, which are commonly used in many process-driven developmental models. The use of minimum -maximum temperature bounds over a 10-day interval, with removal of invalid pixels provides adequate local estimates of Tair as well as reliable Tair estimates over wide-ranging areas.
While it is legitimate to use MODIS-derived LST data to generate parasite development models, technical errors as recognised by the MODIS team (Wan et al., 2004; Wan, 2008; Wan and Li, 2011 ) must be biologically interpreted before firm conclusions can be drawn. Estimations of developmental rates from MODISderived information should ideally only be compared with similar data developed with the same raw information. This precludes the direct comparison among models built on different raw variables such as, for example, those derived from diverse future climate scenarios based on interpolations of ground station data. Ticks develop and quest only on the first centimetres of the vegetation layer. Therefore, neither climate data obtained from ground recording climate stations nor satellite products are free of significant errors, thereby introducing a potential noise that should be considered (Estrada-Peña et al., 2012) . In any case, every biological model should ideally be built on the variables that best describe the processes. No general rules for a "gold standard" are available because issues of spatial and temporal resolution operate at every level of the life cycle analysed (Randolph, 2002) .
Conclusion
Data from this study suggest that satellite-sensed information can provide the basic background, against which models for development and mortality rates of health-threatening arthropods can be constructed. However, a thorough comparison with ground estimates of the given regional climate is necessary to provide the background of variability and the framework to improve the quality of the raw data.
